The regulation of murine cytomegalovirus early (E) gene expression was studied in the cell line B25, which is stably transfected with the immediate-early iel/ie3 gene complex. Infection of B25 cells in the presence of the protein synthesis inhibitor cycloheximide resulted in the expression of some E genes, whereas for the expression of other E genes prior protein synthesis was still mandatory, thus showing differences in the expression requirements of individual E genes. Transcription unit el, a member of the E genes induced by immediateearly products of the iel/ie3 gene complex, was characterized. It is located between map units 0.709 and 0.721 of the genome of murine cytomegalovirus strain Smith. A 2.6-kilobase RNA specified in this region is spliced from three exons of 912, 177, and 1,007 or 1,020 nucleotides, which are separated by introns of 93 and 326 nucleotides. The second AUG located in the first exon 119 nucleotides downstream of the 5' cap site is followed by an open reading frame of 990 nucleotides. The predicted polypeptide of 330 amino acids has a calculated molecular mass of 36.4 kilodaltons. Transfection with el revealed three antigenically related proteins of 36, 37, and 38 kilodaltons; these proteins probably represent differently modified forms of the predicted protein. These three proteins are phosphorylated and are associated with intranuclear inclusion bodies. A 33-kilodalton protein also derived from el was identified as a product of nonspliced transcripts. Comparison of amino acid sequences revealed homology between the murine cytomegalovirus transcription unit el and a human cytomegalovirus E transcription unit.
As in other herpesviruses, the expression of genes from the 235-kilobase-pair DNA genome of murine cytomegalovirus (MCMV) is temporally controlled and regulated in a cascade fashion (17) . At least three kinetic classes of MCMV genes can be differentiated: immediate early (IE) or et, early (E) or 3, and late or -y. Previous work has led to the identification of the major MCMV IE genes iel, ie2, and ie3, their transcripts, and translation products (18) (19) (20) . The transcription of these genes is controlled by a promoter-regulatory region with cis-acting enhancer elements that is located in the HindITI L fragment of the MCMV genome (8) . Genes iel and ie3 are transcribed from the HindlIl L fragment and the adjoining HindlIl K fragment (see Fig. 7 ). The iel/ie3 complex encodes five exons. The iel transcripts are spliced from exons 1 through 4 (18) , whereas ie3 transcripts are produced from exons 1, 2, 3, and 5 (M. Messerle, personal communication). Gene ie2 is transcribed in the opposite direction and is almost completely located in HindIII L. A role of the IE proteins during virus replication and as antigens in the protective immune response to infection has been documented (6, 30; U. H. Koszinowski, M. Del Val, and M. J. Reddehase, Curr. Top. Microbiol., in press).
Whereas transcription in the IE phase is restricted to distinct regions of the genome, transition to the E phase is associated with transcription from all along the genome (17, 24) . Synthesis of several E proteins has been demonstrated (17, 20, 25, 38) , but no MCMV E gene has been characterized. Previous experiments have revealed that initiation of the E phase of viral gene expression requires preceding IE protein synthesis (17) . This does not necessarily imply that the expression of all E genes is regulated by IE proteins. The question of whether all E genes are subject to the same mode of regulation can be approached by infection of transfected * Corresponding author.
cell lines that express IE proteins constitutively. Constitutive expression of proteins encoded by the IE iel/ie3 gene complex (19) proved to be sufficient for the expression of one subclass of E genes, whereas expression of further E genes was only seen after de novo synthesis of other viral proteins. An E transcription unit belonging to the first subclass of E genes was characterized.
MATERIALS AND METHODS
Virus and cell culture. MCMV (mouse salivary gland virus strain Smith; ATCC VR-194) was propagated on BALB/c mouse embryonal fibroblasts (MEF) and purified as previously described (17) . BALB/c 3T3 cells and clonal derivatives thereof were maintained in Dulbecco modified Eagle medium supplemented with 10% (vol/vol) fetal calf serum, 2 mM L-glutamine, 100 jig of streptomycin per ml, and 100 U of penicillin per ml. Cells were infected with 20 PFU per cell by using the technique of centrifugal enhancement of infectivity at 800 x g for 30 min. Cells were labeled with 150 ,uCi of [35S]methionine (Amersham, Braunschweig, Federal Republic of Germany) per ml of methionine-free medium. To inhibit transcription and translation, dactinomycin (ActD; 5 ,ug/ml) and cycloheximide (50 ,ug/ml) were added.
Transfection and selection of transfectants. Monolayers of BALB/c 3T3 cells were transfected with plasmid DNA by using the calcium phosphate precipitation technique. To establish cell lines that express iel/ie3 gene products, 10 ,ug of pAMB25 containing the iel/ie3 gene complex (19) and 1 ,ug of pAG60 providing the kanamycin-neomycin resistance gene were coprecipitated and added in 0.5-ml precipitates to 106 cells. Isolation of geneticin (G418)-resistant clones was carried out by standard procedures (21) . Selected clones were tested for IE gene expression by indirect immunofluorescence with monoclonal antibody (mAb) MCMV-6/58/1 directed against the MCMV IE protein pp89 (20) .
Stably transfected cell lines expressing el gene products were established by cotransfection with plasmids pBB2.9, which contains the el gene region, and pAG60 by selection with G418 and by screening with mAb 20/234/28. Antisera and mAbs. Antisera and mAbs were produced essentially as described previously (20) . In brief, BALB/c mice were immunized three times at 14-day intervals with lysates of 2 x 107 sonicated cells, which were harvested at 10 h postinfection (p.i.), that is, during the E phase of the MCMV replication cycle. For the first and second subcutaneous injections, lysates in phosphate-buffered saline (PBS) were made up in the same volume of Freund complete adjuvant and Freund incomplete adjuvant, respectively. The last immunization was given by the intraperitoneal route. Then, 3 to 4 days later, splenocytes were isolated and fused at a ratio of 1:1 with SP2/0-Agl4 myeloma cells. After selection in hypoxanthine-aminopterin-thymidine medium, hybridomas were screened by indirect immunofluorescence for the production of antibodies against E proteins. Positive hybridomas were cloned twice by limiting dilution.
In (20) . Plasmids. The construction of recombinant plasmid pBB2.9 followed established methods (19) . For preparation of this plasmid, an XbaI-PstI MCMV DNA fragment (map units 0.709 to 0.721) was isolated from plasmid clone pAMB84-5 (9) and inserted into plasmid vector pSP65.
Isolation of RNA and Northern (RNA) blot hybridization. Preparation of whole-cell RNA, gel electrophoresis, and transfer to nitrocellulose were done as described previously (17) . DNA probes used for hybridization were labeled with [a-32P]dCTP by using the multiprime DNA labeling system of Amersham. 32P-labeled cRNA was transcribed in vitro by SP6 RNA polymerase (19) . For estimation of RNA sizes, Escherichia coli 16S and 23S rRNAs (Boehringer GmbH, Mannheim, Federal Republic of Germany) and 18S and 28S mouse rRNA were used as standard size markers.
Hybrid selection and in vitro translation of RNA. Hybrid selection of RNA by MCMV DNA fragments and in vitro translation were performed as previously described (20) .
Nuclease protection experiments. Whole-cell RNA was hybridized to end-labeled MCMV DNA fragments and digested with S1 nuclease or hybridized to evenly labeled cRNA, which was transcribed in vitro by SP6 RNA polymerase, and digested with RNases A and T1. Nucleaseresistant fragments were size fractionated on denaturing sequencing gels (19 the same time any further transcription is blocked. This means that under these conditions only IE proteins are synthesized, whereas the expression of E genes is precluded. When the same experimental regimen is applied to cells that already express IE proteins constitutively, these IE proteins may activate transcription of E genes in the presence of CH. E transcripts synthesized during this period will then be translated to E proteins after replacement of CH by ActD.
The preparation of transfectant L-cell lines that constitutively express MCMV IE proteins has been reported (21) . Since L-cells turned out to be refractory to MCMV infection, BALB/c 3T3 cells were used for transfection to establish cell lines that are permissive for infection and that express IE proteins constitutively. Transfection was performed with plasmid pAMB25 containing the iel/ie3 gene complex (19) . A stably transfected cell line, referred to as B25, was selected that expresses the major IE protein pp89, as demonstrated by indirect immunofluorescence and by immunoprecipitation with mAb MCMV-6/58/1.
The induction of E gene expression by IE proteins was studied by immunoprecipitation of viral proteins from B25 cells (Fig. 1A through C, lanes 1 through 4), and, as a control, from the parental BALB/c 3T3 cells (Fig. 1A through C, lanes 1' through 4'). Immunoprecipitation with antiserum revealed the major IE protein pp89 and its posttranslationally processed derivative pp76 (20) in B25 cells but not in the 3T3 cells (Fig. 1A , lanes 1 and 1'). After infection in the presence of CH that was replaced at 3 h p.i. by ActD, as to be expected, IE proteins pp89 and pp76 could be seen in both cell lines, but in B25 cells additional proteins of 36, 38, 43, 47, 48, 67, 94, and 130 kDa were then synthesized that were absent from 3T3 cells (Fig. 1A , lanes 2 and 2'). When B25 and 3T3 cells were infected in the absence of inhibitors and ActD was added at 3 h p.i., the 36-, 38-, 43-, 47-, 48-, 67-, 94-, and 130-kDa proteins, seen before only in B25 cells, were now detected in both cell lines (Fig.  1A, lanes 3 and 3' ). This demonstrates that the E genes represented by these proteins require for their expression only IE proteins encoded by the transfected iel/ie3 gene complex.
In addition to the 36-, 38-, 43-, 47-, 48-, 67-, 94-, and 130-kDa proteins found in B25 cells after reversal of the 3-h CH block, proteins of 42, 53, 63, 68.5, 69, and 75.5 kDa were synthesized in B25 and 3T3 cells that were infected in the absence of CH (arrowheads in Fig. 1A , lanes 3 and 3'). The possibility that the period of 3 h in the presence of CH was too short to allow the transcription of the RNAs encoding these additional proteins was excluded, because a 3-h period of transcription in the absence of CH led to the synthesis of these proteins. When cells were incubated with CH from 3 to 6 h p.i., the additional proteins were also synthesized in both B25 cells and 3T3 cells after replacement of CH by ActD (Fig. 1A , lanes 4 and 4'), documenting that CH affected neither the stability of E transcripts nor the subsequent translation of E transcripts after the removal of CH. Thus, in contrast to the E genes specifying the 36-, 38-, 43-, 47-, 48-, 67-, 94-and 130-kDa proteins, the E genes represented by the 42-, 53-, 63-, 68.5-, 69-, and 75.5-kDa proteins require protein synthesis for their expression in B25 cells. In conclusion, E genes differ in their expression requirements.
Examples of differently regulated subclasses of E genes can be provided by immunoprecipitation of E proteins with mAbs. The mAb 20/234/28 precipitated the 36-, 37-, and 38-kDa E proteins; IE proteins expressed in B25 cells proved sufficient for the synthesis of these E proteins (Fig. 1B) . On the other hand, mAb 20/357/4 precipitated proteins of 53 and 69 kDa that were representatives of the second subclass of E genes ( Fig. 1C ).
Molecular characteristics and intracellular distribution of the 36-to 38-kDa E proteins. As an example of E proteins whose expression is controlled by the IE iel/ie3 gene complex, the 36-to 38-kDa E proteins and their coding region were characterized. The kinetics of the synthesis of the 36-to 38-kDa E proteins was studied in murine embryonal fibroblasts by metabolic labeling during different times after infection (Fig. 2) . The E phase is initiated at about 2 h p.i. and is terminated by viral DNA replication at about 16 h p.i. (17) . The 36-to 38-kDa E proteins were detectable by 2 h p.i. (Fig. 2, lane 3 ). Up to 6 h p.i. they were synthesized at a high level (Fig. 2 , lanes 3 through 6). Thereafter synthesis drastically decreased (Fig. 2 , lanes 7 through 9). During late times there was some synthesis (Fig. 2, lanes 10 through 12) , perhaps due to a de novo infection of some cells. (Fig. 3, lane 3) .
The association of the 36-to 38-kDa proteins with virions was studied by Western blot analysis. The antiserum recognized a number of viral proteins in lysates of infected cells and in purified virions (Fig. 4a, lanes 2 and 3) . The 36-, 37-, and 38-kDa E proteins were only detectable in lysates of infected cells (Fig. 4a, lane 2) . The same result was obtained with mAb 20/234/28 (Fig. 4b) . This indicated that these 38 38 -kDa E proteins and demonstrated the phosphorylation of these proteins (data not shown).
The subcellular distribution of the 36-to 38-kDa E proteins was examined by indirect immunofluorescence (Fig. 5) . By 6 h p.i., infected cells showed a faint nuclear staining with speckles of bright fluorescence (Fig. 5a) . By 10 h p.i., the sizes of the speckles increased, but the number of speckles decreased (Fig. 5b) . By 24 h p.i. a large area in each cell nucleus was intensively stained (Fig. 5c ). The pattern of nuclear fluorescence resembled the distribution of inclusion bodies, which are found in the nuclei of MCMV-infected cells (40) , and hence suggested an association of the 36-to 38-kDa E proteins with these structures. Electron microscopic examination after immunocolloidal gold staining doc- umented an accumulation of these proteins within nuclear inclusion bodies (Fig. 6) .
Genomic localization of transcription unit el. To map the region encoding the 36-to 38-kDa E proteins, E RNA was hybrid selected by MCMV DNA fragments and analyzed by in vitro translation. To obtain a high amount of E RNA coding for these proteins, the following schedule of inhibitor treatment was employed: cells infected in the presence of CH were kept with this inhibitor for 3 h. A 10-min interval without CH then allowed the synthesis of IE proteins from the transcripts accumulated during the CH block, which in turn could induce E-gene expression. Thereafter, CH was added for another period of 3 h to accumulate E transcripts.
The genomic map positions of DNA fragments used for the hybrid selection experiments are shown in Fig. 7 . Proteins translated in vitro from whole-cell or hybrid-selected RNA were analyzed before (Fig. 7a) and after (Fig. 7b) immunoprecipitation. After hybrid selection of RNA by plasmid pAM84-5 (9), representing the 10.5-kilobase-pair XbaI-HindIII subfragment (map units 0.709 through 0.753) of the HindIll F fragment, four proteins of 33, 36, 38, and 46 kDa were synthesized in vitro (Fig. 7a, lane 3) . The antiserum precipitated the 33-, 36-, and 38-kDa proteins (Fig. 7b,  lane 3) . These three proteins were not translated from RNA selected by either plasmid pAM84-3 (9), representing the 5.3-kilobase-pair HindIII-XbaI subfragment (map units 0.658 through 0.681) of the HindIlI F fragment (Fig. 7a, lane 2 (Fig. 7d, lane 1) . Northern blot hybridization of E RNA with plasmid pBB2.9 revealed a prominent RNA size class of 2.6 kb (Fig.  7e, lane 2) . On the original autoradiograph, a faint signal was seen also at the position of 3.0 kilobases (kb) (not visible in Fig. 7 ). The amount of 2.6-kb RNA at different times after infection (Fig. 8) showed an expression kinetics that strictly correlated with the expression kinetics of the 36-to 38-kDa E proteins seen in Fig. 2 . The 3.0-kb RNA species was seen mainly at 2 h p.i. and quickly decreased afterward.
Nucleotide sequence and structural analysis of the transcription unit el. The entire nucleotide sequence between map units 0.709 (XbaI site) and 0.721 (PstI site) was determined (Fig. 9) . Figure 10 shows the physical map and the experimental strategy employed for identification of the structural organization of that region. Framed area of the same cell (magnification, x 39,000). The nucleus, nuclear membrane, nucleolus, and inclusion bodies are indicated by N, NM, NU, and IB, respectively.
were determined with at least two different end-labeled DNA nuclease digestion, two protected fragments of 189 and 176 n probes.
were seen (Fig. lOAl, lanes b through d) . No fragments were
The position of the 5'-cap site of the el mRNA was protected by mock RNA (Fig. lOAl, lane this primer by reverse transcriptase and separation of the extension products on sequencing gels, only the 189-n fragment could be detected (Fig. 1oA1, lane b) . This result supported a single 5' cap site of the el mRNA at 141 n downstream of the XbaI site and 24 n downstream of the potential TATA box sequence TATAA.
By hybridizing E RNA to labeled cRNA transcribed from map units 0.715 (BstEII site) to 0.712 (XhoI site) and nuclease digestion, two fragments of 250 and 177 n were detected; this indicated splicing (Fig. 10C, lane b) resistant fragment of 250 n (Fig. lOB1, lane b) determined the 3' end of the first exon adjacent to the splice donor consensus sequence GTAAGT (26, 32) 912 n downstream of the 5' cap site of el mRNA.
The presence of a short second exon of 177 n could be deduced from the nuclease protection experiments described above. To locate the 5' end of this second exon, an Si nuclease assay was carried out with a 5'-end-labeled 149-n TaqI fragment (ca. map unit 0.714). Fragments of 105 and 99 n were protected (Fig. 1OA2, lane b) . A splice acceptor consensus sequence (26, 32) For the determination of the 5' end of the third exon, a 5'-end-labeled 90-n XhoI-EcoRI DNA fragment (ca. map unit 0.716) was used. This probe defined a protected 87-n fragment and less abundant fragments of 85 to 88 n (Fig.  1OA3, lane b) . The only splice acceptor consensus sequence was located 85 n upstream of the XhoI site. The size difference of 2 n can be explained by imprecise Si cleavage.
For the location of the 3' end of the el mRNA, an Si nuclease assay was carried out with the 3'-end-labeled AccI fragment (ca. map unit 0.720). Protected fragments of 108 and 121 n (Fig. 1OB2, 2,515 and 2,528 n downstream of the 5' cap site. Upstream of both putative 3' ends, A+T rich sequences and AATAAA polyadenylation consensus sequences (32) are located, which leaves the possibility of two different 3' ends.
Nuclease protection experiments that were performed with DNA fragments between map units 0.710 and 0.712 as well as between map units 0.716 and 0.720 did not indicate the existence of additional introns (data not shown). In conclusion, the el mRNA contains three exons of 912, 177, and 1,007 or 1,020 n, comprising 2.1 kb. Introns are 93 and 326 n in size. If the increase in size of mRNAs by polyadenylation is taken into account, the calculated length of the 2.1-kb el mRNA is in accord with the size of the 2.6-kb E RNA detected by Northern blot analysis.
The predicted El protein shows amino acid sequence homology to a family of HCMV E proteins. The amino acid sequence of the El protein was deduced from the nucleotide sequence of the spliced el mRNA (Fig. 11) . The first AUG, 39 n downstream of the 5' cap site, is followed by a stop codon UAG at position 63 n and is not part of the consensus sequence A/GNNAUGG of translation initiation (22 sequences of other polypeptides, for instance, the murine cytokeratin 11 (34) , the Epstein-Barr virus nuclear antigen 1 (14) , and the N-terminal region of the deduced amino acid sequences of a human cytomegalovirus (HCMV) 2.2-kb transcript that is encoded between map units 0.682 and 0.713 (33) . Further significant homologies were only found with the deduced amino acid sequence of the HCMV transcript mentioned above. Optimal alignment of this HCMV amino acid sequence and the predicted MCMV el sequence revealed 30% identity (Fig. 11) (4, 5) and, in contrast to ICP4, is not essential for productive infection in cell culture (31, 35) . For HCMV it could be shown by transient expression assays that the IE2 proteins activate heterologous as well as homologous promoters. The IEl proteins enhance this effect but are not able to act independently from the IE2 proteins (3, 15, 37) .
The experiments shown here document that proteins encoded by the iel/ie3 gene complex of MCMV can activate homologous promoters of E genes introduced into cells by infection. Genes in the iel/ie3 gene complex share the promoter region and the 5' cap site (8, 19) . The iel transcription unit codes for the major IE protein pp89 and a set of smaller IE proteins that are antigenically related to pp89 (19, 20) . The ie3 gene region contains at least one exon located downstream of iel (Messerle, personal communication). iel gene products that are constitutively expressed in the L-cell line 45/1 activate a transfected heterologous promoter (21) . A study on the functions of ie3 gene products in isolation is under way. Establishment of permissive cell lines that constitutively express either IEl or IE3 proteins and infection of these cells with MCMV will answer the question of whether the iel or ie3 gene product or products of both genes are required for the expression of E genes. Work in progress indicates that MCMV IEl proteins alone are not sufficient for the induction of E genes.
Other IE genes or some E genes could account for the induction of the E genes that require protein synthesis for expression. A 43-kDa protein encoded by the ie2 gene region was so far only detected after in vitro translation of hybridselected RNA (19) . In a mutant virus the ie2 gene is dispensable for virus replication in cell culture (23) , which excludes an essential function of the IE2 protein for induction of E genes. In addition to the abundantly transcribed iel, ie2, and ie3 gene regions, low-rate IE transcription from the HindlIl fragments E and N was observed (17) . The role of putative IE proteins encoded by this region remains to be investigated. We favor the interpretation that the E genes induced in B25 cells code for proteins that control the expression of the second subclass of E genes in a cascadelike fashion.
Transcription unit el, a member of the first subclass of MCMV E genes, and its gene products were characterized. Polypeptides of 36 to 38 kDa encoded by this gene region are antigenically related, since they share the epitope for the mAb 20/234/28. That this protein family is associated with intranuclear inclusion bodies, which probably represent the sites of viral DNA replication and nucleocapsid assembly (2, 40) , may indicate a possible regulatory function in the viral replicative cycle. The presence of one major RNA species of 2.6 kb in Northern blots and the structural organization of el suggest that these proteins originate from the same transcript. The heterogeneity in size may arise from different posttranslational modifications. These must occur immediately after translation, since no alteration in the relative amounts of the 36-to 38-kDa El proteins could be detected in pulse-chase experiments.
The coding sequence of el was mapped at between map units 0.709 and 0.721, in the proximity of the IE transcription units iel, ie2, and ie3 (19) . Analysis of the gene structure revealed three exons with an open reading frame predicting a polypeptide with a calculated molecular mass of 36.4 kDa.
Studies on the posttranscriptional regulation of HCMV gene expression have identified cis-acting signals consisting of short open reading frames (in the 5' leader sequence of an E transcript), which cause a delay in translation without influencing mRNA transport or stability (12, 13) . It has been suggested that these signals impede the translation of downstream open reading frames. Remarkably, the 5' leader of the MCMV el mRNA also contains an AUG codon that leads into a short open reading frame of eight codons; yet, the translation of el transcripts is not delayed. The 36-to 38-kDa El proteins are abundantly synthesized during the first few hours of the E phase, and transcription and translation are strictly correlated. The nucleotide sequences that flank an AUG start codon have an influence on the initiation of translation (22) . In the 5 
